Socially Assistive Robots (SARs) offer great promise for improving outcomes in paediatric rehabilitation. However, the design of software and interactive capabilities for SARs must be carefully considered in the context of their intended clinical use. While previous work has explored specific roles and functionalities to support paediatric rehabilitation, few have considered the design of such capabilities in the context of ongoing clinical deployment. In this paper we present a two-phase In-situ Design process for SARs in health care, emphasising stakeholder engagement and on-site development. We explore this in the context of developing the humanoid social robot NAO as a socially assistive rehabilitation aid for children with cerebral palsy. We present and evaluate our design process, outcomes achieved, and preliminary results from ongoing clinical testing with 9 patients and 5 therapists over 14 sessions. We argue that our in-situ Design methodology has been central to the rapid and successful deployment of our system.
Introduction
Rehabilitation outcomes rely critically on patients adhering to a prescribed set of rehabilitation exercises . When those patients are children, maintaining compliance and focus while performing what can often be tiring, uncomfortable and repetitive exercise programs presents a significant challenge. While therapists and carers are well equipped with skills and experience to maintain a child's motivation, this takes considerable time and resources. Therapists are not always able to attend each prescribed exercise session, and even when present, results are not always positive.
Socially Assistive Robots (SARs) are increasingly being considered to support a range of health care delivery needs. SARs provide assistance primarily through social interaction and engagement (Feil-Seifer & Mataric, 2005) . They have shown promising results for improving mood, reducing stress, and encouraging communication for children on the autism spectrum (Robins, Dautenhahn, Te Boekhorst, & Billard, 2005) , in rehabilitation (Calderita, Bustos, Mejías, Fernández, & Bandera, 2013; Suárez Mejías et al., 2013) , for encouraging exercise in older adults (Fasola & Mataric, 2013) , and in post-stroke rehabilitation (Wade, Parnandi, & Matarić, 2011) .
Paediatric rehabilitation presents an ideal context for the application of SARs. Previous work suggests SARs may provide therapeutic benefits for patients through increased focus and compliance (Fridin & Belokopytov, 2014; Kozyavkin, Kachmar, & Ablikova, 2014) . However, no formal clinical evaluation of the therapeutic benefits of SAR's for rehabilitation currently exists. This requires development beyond proof-of-concept, with clear clinical use-cases identified. While previous work has explored specific roles and functionalities to support paediatric rehabilitation (e.g., (Suárez Mejías et al., 2013; Calderita et al., 2013; Malik et al., 2015; Borovac et al., 2016) few have considered the design of such capabilities in the context of ongoing clinical deployment. Addressing this gap is critical to understanding the clinical context SARs must operate in, and for establishing the long term legitimacy of SARs as effective and usable therapeutic aids with therapists and caregivers.
In this paper we report on 23 months of progress designing and developing software for NAO as a therapeutic aid for paediatric rehabilitation. In partnership with the busy paediatric rehabilitation clinic of The Royal Children's Hospital, Melbourne, Australia, we are developing a range of interactive and demonstrative behaviours for NAO to enhance patient compliance, motivation and emotional well-being during therapy sessions. Focused on the needs of large scale clinical deployment, we outline key requirements for an SAR operating as a stand-alone therapeutic aid for ongoing use in a clinical setting. We present a two-phase in-situ design process including both exploration of roles and requirements, from which a base-level stand-alone prototype system has been derived. To our knowledge, this is the first design of an SAR for rehabilitation that explicitly incorporates patients, carers and therapists in the design process, and is focussed on the design of roles and capabilities for ongoing use in a clinical setting. Our prototype system is now deployed in weekly therapy sessions, leading predominantly patients with cerebral palsy through prescribed exercise programs of up to 30 minutes without engineer intervention.
The paper is structured as follows. Section 2 gives background and an overview of previous work. Section 3 outlines our in-situ design methodology, listing derived roles and requirements for the system from Phase 1 of this process. Section 4 and 5 provides a technical overview of the current system deployed in Phase 2 development, and key design choices and considerations. We present our clinical testing setup, a discussion of preliminary Phase 2 results and feedback in Section 6. Our conclusions are presented in Section 7.
Background and Related Work

Socially Assistive Robots in Paediatric Rehabilitation
A number of groups have considered Socially Assistive Robots (SARs) for rehabilitation, focussing primarily on technical developments and evaluations of proof-of-concept systems. "Ursus" (Suárez Mejías et al., 2013) is a combination of a low-cost robot and an augmented reality device to assist upper limb rehabilitation exercises for children with cerebral palsy (CP) . The system was evaluated in single sessions with six patients, with feedback suggesting the SAR enhanced enjoyment, and had a positive impact on rehabilitation sessions. "Therapist" (Calderita et al., 2013) , the evolution of the "Ursus" robot platform, provides a virtual reality video game, and exercise demon-strations for upper-limb exercises. A thorough evaluation of the system's cognitive framework (eg. speech/emotion recognition, human detection, etc.) is provided from both lab-based and in-the-field experiments. Exercise demonstration and robot mirroring is also proposed by Fridin et al. (2014) to assist groups of paediatric patients, and Malik et al. (2015) who implement three different exercise demonstrations (Sit to Stand, Balancing, and Ball kicking). "MARKO" (Borovac et al., 2016) , a robot sitting on a horse-like mobile platform, is designed to assist rehabilitation for patients with CP in gross motor skill exercises (limited to upper body), fine motor skills and speech exercises.
While previous systems have been tested with patients, no existing SAR has been deployed as part of the ongoing rehabilitation program of paediatric patients.
In-situ design and evaluation in the wild
Human-robot and Human-computer interaction researchers have previously reported issues in the extrapolation of lab-based evaluations into real world contexts. In the hospital context, (Mutlu & Forlizzi, 2008) describe the rejection of deployed autonomous delivery robots by hospital staff due to interruptions and distractions inflicted on them when performing higher priority tasks. Such issues have promoted the use of in-situ design and in the wild evaluation methodologies in which new technologies are designed and evaluated in-place and under the conditions of their intended use (Rogers, 2011) .
Museums and public spaces have been a popular target of in-the-wild HRI design and evaluation (Burgard et al., 1999; Thrun et al., 2000) , as well as in the home. Kidd and Brazel (2008) report on the in-situ design and evaluation of a weight loss coach robot, benchmarking it against a stand-alone computer, and a traditional paper log (Kidd & Breazeal, 2008) . They show a two-fold increase in exercise time for participants using the robot, compared to those using the aids. Huttenrauch et al. (2009) study participant interaction patterns with a mobile robot in a home guided tour (Huttenrauch et al., 2009 ). More recently, Pripfl et al. (2016) report on the results of an in-the-wild evaluation of a service robot deployed in the homes of 18 elderly participants. Their findings highlighted issues with both technical performance of the system, and participant perceptions of the robot as a toy rather than an aid. Sabanović et al. (2014) report on the in-situ design and development of a robot to manage break times in an office environment. They note benefits for identifying contextual issues impacting robot use, and for including users in the design process even when evaluating with incomplete and non-robust prototypes. CERO (Huttenrauch & Eklundh, 2002) was used to assist in the transport of objects in an office environment for partially motion-impaired users over a 3 month study. The in-situ evaluation of the prototype identified important factors not considered previously such as physical space limitations and bystander engagement. An in-situ HRI study by (Michalowski et al., 2007) examined social engagement with two social robots in a conference setting. This evaluation identified flawed design assumptions, leading to new ideas and improvements in the robot's interaction effectiveness.
The in-situ design of SARs in health settings is less common, though examples of evaluation during deployment exist. Studies using the seal robot PARO, for example, have shown benefits for improving mood, reducing stress and encouraging social engagement for residents in an aged-care facility. Such studies have performed evaluations over 5 weeks (Wada, Shibata, Saito, & Tanie, 2004) ; 4 months (Kidd, Taggart, & Turkle, 2006) ; and 1 year (Wada, Shibata, Saito, Sakamoto, & Tanie, 2005) . In-situ studies have also evaluated PARO as a therapeutic aid for people with dementia (Giusti & Marti, 2008; Moyle et al., 2013; Chang,Šabanović, & Huber, 2013) . Most closely aligned to our application, Plaisant et al. (2000) employed a Participatory Design approach in the design of an SAR prototype to enhance rehabilitation outcomes with children. They iteratively evaluated their prototypes during the design sessions with their intended final users. However, unlike our approach, they did not deploy the SAR to lead sessions, or as part of the ongoing care delivery.
Our contributions differ from previous work in the following distinct ways. Firstly, we focus specifically on the design of an SAR for ongoing therapeutic use by a therapist or care-giver, and for leading entire therapy sessions with children. Moreover, we adapt and evaluate a general purpose social robot (NAO) as a stand-alone system, outlining design decisions and requirement compromises to achieve this. Finally, we outline and evaluate our design process for SARs in rehabilitation, noting specific design outcomes resulting from our in-situ design and evaluation, and the explicit inclusion of stakeholders in this design process.
Design Process
We have engaged in a two-phase in-situ design process, incorporating both exploratory and iterative prototyping, and frequent engagement with key stakeholders. Below we describe the project context, stakeholders and the implementation of these two phases of development.
Project Setting
The proposed Socially Assistive Robot (SAR) system is being developed in close partnership with a busy paediatric rehabilitation clinic in a city-based children's hospital. The rehabilitation clinic consists of 25 full-time equivalent clinical staff servicing, on average, 180 inpatients annually, as well as several thousand outpatient sessions. Patients seen at the clinic range from those recovering from physical injury and illness to those being treated for specific chronic disabilities. Inpatients generally undergo intensive rehabilitation programs requiring multiple sessions of rehabilitation per day. While some sessions are supervised by physiotherapist staff, others may be facilitated by on-ward nursing staff, or the patient's parent. A particularly prominent patient group are those children with cerebral palsy (CP). In many cases, orthopaedic surgery is required to correct secondary musculoskeletal problems which impact on gait and function. Such patients typically undergo up to three rehabilitation sessions per day, over a 2 to 3 week period (Thomason, Selber, & Graham, 2013) .
Stakeholders
We identified the following four groups as key stakeholders in the development of the SAR for rehabilitation.
Patients: the primary beneficiaries of the SAR through increased motivation and sustained emotional well-being, faster recovery time and improved rehabilitation outcomes. They are chief determinants of the SAR's interaction design.
Therapists/Healthcare providers: primary users of the system, with use-cases spanning both insession use as well as pre-configuration for sessions without their direct supervision. They are determinants of the SAR's therapeutic assistance, correctness (eg., exercise demonstrations), usability, integration and fitness for purpose.
Parents/Guardians: holders of primary duty of care for patients, are often present during therapy sessions and tasked with ensuring rehabilitation exercises are performed outside of formal therapy sessions (e.g., on-ward, after-hours). They are thus targeted end-users of the system, and determinants of the system's usability, and fitness for purpose.
Technology Developers: engage with all other stakeholders to determine the SAR system requirements, design and implement interactive behaviours and operate the SAR during development and testing. They gather feedback from other stakeholders, assess the system's technical performance, and the feasibility of identified roles and requirements.
Design and Development
Our design approach has consisted of two phases. The first, an exploratory phase to elicit basic requirements, ran for 10 months between March 2015 and January 2016. The second phase, involving the iterative development and in-situ evaluation of a first prototype implementation began in March 2016, and is ongoing. Through these design phases, a prototype for formal clinical trials is being targeted. Figure 1 shows the timeline of development to date. We describe both phases below. 
Phase 1: Exploration
The initial phase of the SAR's design, previously described in (McCarthy et al., 2015) , prioritised two key activities: regular and frequent (weekly) stakeholder engagement, and rapid prototyping and mock-ups (via Wizard-of-Oz control) of proposed roles and capabilities. Both activities were conducted primarily on-site, in the context of the SAR's intended deployment.
A regular weekly pattern of visits to the clinic was established in the early weeks of the phase. Each Tuesday morning attending research team members (typically two) setup NAO in a publicly visible and accessible location, close to consultation rooms with high visibility to patients, their families, and therapists. This facilitated regular, albeit brief, discussions with therapists and parents at the beginning. Patient interactions were initially also brief, unstructured and intermittent, typically occurring during their time waiting for a consultation with therapists. The use of Wizard-of-Oz control via a laptop with wireless link to NAO, allowed the SAR to meet the immediate needs of particular interactions.
Early engagement suggested how to overcome the technology limits and foster effective engagement with patients. It facilitated development of core exercise demonstrations. Therapists were actively engaged in this process, initially through requests to critique NAO's execution of exercises, and also invited to physically manipulate the robot's limbs to both correct and explore the physical capabilities and limitations of the system.
In the second half of the phase, therapist engagement evolved into a cycle of iterative development in which a therapist directly programmed specific exercises by positioning the robot into key poses, from which robot joint positions were immediately recorded and time sequenced. New exercises were rapidly developed via this process on-site, with refinements made between clinic visits. During this second half of Phase 1, observations determined specific roles (outlined in Section 3.6) based on the robot's capabilities, and the derivation of requirements for an SAR (Section 3.7) for ongoing clinical use.
Patient engagement also progressed from non-specific patient interactions driven primarily by general interest and the novelty of the robot in the waiting area, to the active inclusion of NAO in therapist-selected patient sessions. Pre-built exercise demonstrations were sequenced in accordance with therapist specifications, and trialled in sessions with technical support. Technical developers were able to interchangeably operate NAO during the exploratory phase, without specialised knowl-edge of the system. This supported the maintaining of regular weekly visits throughout Phase 1, and diversified interactions between developers and all non-technical stakeholders.
Phase 2: Development
Phase 2 is ongoing, prioritising the in-situ iterative development and evaluation of a stand-alone prototype in preparation for formal clinical evaluation. As such, focus has been placed on the realisation of a minimum viable SAR based on the roles determined in Phase 1, and the identified key requirements in both phases for an SAR in rehabilitation (Martí Carrillo et al., 2017) .
Regular weekly patient sessions with NAO have been scheduled in which Wizard-of-Oz control and engineering support has been removed from the SAR's operation, thus focusing on the needs of ongoing stand-alone operation in a clinical setting. Phase 2 aims to develop the system to be under the sole operation of therapists, parents and/or other care-givers.
Phase 1 established cerebral palsy as a well suited initial target for clinical evaluation. Phase 2 has thus focussed on a system capable of leading sessions for patients with cerebral palsy undergoing post-operative rehabilitation. Exercise capabilities predominantly target lower-limb strengthening in accordance with the typical prescribed program of rehabilitation for this patient group.
Patients, therapists and parents not involved in Phase 1 have been formally recruited and consented to participate in this phase of the study. Data is gathered via questionnaires with all stakeholders at the completion of each session, along with observation notes recorded during each session (detailed in Section 6.2). Attending researchers have observed from an adjacent room with one-way mirror. We discuss the details of clinical sessions in Section 6.
Derived Roles
Therapist consultation and observation during Phase 1 determined four specific roles encompassing the base-level capabilities the SAR must provide to serve as an effective therapeutic aid in rehabilitation sessions.
Demonstrator: At the beginning of each exercise set, the SAR performs the exercise in front of the child. The SAR also provides verbal instructions to emphasise important aspects of the exercise.
Motivator: The SAR provides verbal encouragement at the beginning of each session, as well as before and during each prescribed exercise. Enticements such as entertainment through music, dancing and joke telling are also offered upon completion of exercise sets.
Companion: The SAR delivers personalised introductory statements at the beginning of the session to build rapport and establish itself as a joint participant in the session. As the child performs each exercise set, the SAR joins in and delivers empathetic and encouraging statements acknowledging the child's progress.
Coach: The SAR guides the patient through the prescribed session by scheduling and coordinating the execution of the above roles to deliver a complete session of therapy. The system paces the delivery in accordance with the patient and therapist/carer responses.
Derived Requirements
To support the above roles, Phase 1 identified the following system requirements.
Configurability:
Therapists and Technology Developers in Phase 1 both identified the need for configurability of the system to realise a stand-alone SAR for rehabilitation. Early feedback from therapists requested a system based on current practise in which session schedules are produced by selecting activities from a list. Configuration thus needs to allow pre-selection of exercises to perform, the number of repetitions, speed of execution, entertainment modules, as well as personalisation of the session with the patient.
Stability:
Therapists and Technology Developers jointly determined that exercise demonstrations and general SAR actions must operate with a high degree of certainty in order to minimise session interruption and distraction. In the context of an off-the-shelf general purpose social robot, physical characteristics impacting this are not modifiable, and thus must be carefully managed within the programmed movements of the system.
Adaptability:
To ensure therapeutic assistance is aligned with the patient's needs, the SAR should be adaptable to the presenting condition of the patient during care delivery. Therapists prescribe exercises before a session, but assess and adjust activities during the session. Therapists noted that an effective SAR for rehabilitation should provide mechanisms for dynamic adjustment of activity settings, including number of repetitions, speed and sequence order. Verbal instructions must adjust accordingly.
3.7.4 Interaction: Observations in Phase 1 indicated a general desire of patients to interact with the robot. Basic interaction with the SAR should always be supported for therapists/carers and patients throughout the session. Interaction should be multimodal (eg. verbal, tactile, etc.) to cater for varying patient needs. This will support Adaptability, Responsiveness and maintain patient engagement.
3.7.5 Integration: Previous work (eg., Mutlu and Forlizzi (2008) ) and Phase 1 observations highlighted the need to ensure setup and use of the SAR was complimentary to existing clinical practise, and the general operating conditions of a busy hospital-based rehabilitation clinic. Therapists and Technology Developers together determined that the SAR must be easily setup by therapists and care-givers, be portable and transportable by a single person, and operable by carers with minimal training requirements.
3.7.6 Responsiveness: Observations by Technology Developers in Phase 1 and early Phase 2 sessions indicated that a lack of responsiveness to unprompted verbal statements from patients may diminish the perceived authenticity of the SAR's role as a companion. Observations also highlighted that the implementation of responses should also incorporate awareness of the patient's mood and progress to support the SAR's motivator role.
3.7.7 Stand-alone: Therapists and Technology Developers jointly agreed that the system should be operable without engineering support, Wizard-of-Oz control, or additional hardware to meet the needs of flexible and un-hindered ongoing use. SAR activities requiring human assistance should also be minimised to ensure carer focus remains primarily on the patient. Therapists also expressed a strong desire to have the SAR present and ready to use at the hospital at all times.
Robustness and Endurance:
To meet the needs of leading a rehabilitation sessions, therapists and technology developers determined the system needs to operate continuously and for a minimum of 30 minutes without engineer intervention. To support the stand-alone requirement, unforeseen interruptions such as falls, slippage, or unintended/incorrect user interactions should also be recoverable from, either automatically, or through a clearly understood set of instructions for the therapist and/or care-giver to follow.
In Sections 4 and 5 we outline the technical implementation and key design decisions to maximise the realisation of these baseline roles and requirements.
SAR Prototype Implementation
Software Modules
Our prototype software for the NAO robot platform utilises the Robot Operating System (ROS), an open-source robotics framework. ROS was chosen on the basis of its extensibility and strong support for simplified communication between different tools, and devices in a robotic system (Quigley et al., 2009) . Figure 2 shows some of the basic modules of the NAO robot for ROS and the three modules implemented in our system. We briefly describe each below. Figure 2 . ROS modules for the SAR. In blue: ROS nodes implemented for the prototype. In yellow: ROS nodes that connect ROS with NAO's server . In green: the ROS communication topics. In red: the graphical actionlib client to start the session from a remote computer. 4.1.1 nao sm rch is the main module of the system, incorporating all rehabilitation activity scenarios, including speech, lower body exercises, games, and dances. We implement this as a finite state machine initiating specific scenarios via connections to other nodes of the system.
Services such as run behavior or speech action are called from this node in order to execute a predefined movement, or to make the robot speak. To assist data collection, the module also maintains a logfile tracking all the exercises executed, timing data, and user-inputs. 4.1.2 nao tactile interface is implemented as a ROS service to capture and detect inputs to the system such as from touch sensors and bumpers using the nao tactile library. This interface detects single, double and long button clicks, allowing numerous different responses to be invoked. 4.1.3 nao leds effects provides visual prompts and conveys the system state. We have configured this service using the ROS NAO library nao leds with 5 different LED effects that are activated to cue the need for the robot's head to be tapped in order to continue the session, or to indicate a session configuration file is being loaded. Figure 2 shows other ROS libraries that we are using such as nao leds, nao tactile, run behavior and speech action. The robot is configured and started using the start rehab action library.
Other nodes
Activity Scenarios
Our current prototype for Phase 2 trials implements 16 different activity scenarios to support the roles outlined in Section 3.6. Activity scenarios include an introductory speech delivery in which the robot introduces itself to the patient, or greets a patient it has previously interacted with. In addition to statements explaining what is planned for the session, the scenario includes jokes and pre-programmed dialogue to foster rapport building. Several introductory speeches can be selected from to reduce repetition over multiple sessions.
Sessions consist of multiple exercises, each involving several sets and repetitions. Adjustments to exercise speed, if requested during the session, can be changed by the carer using the Tactile Interface, explained in more detail in Section 5.7. For each exercise, the SAR presents a demonstration while explaining key features of the exercise. The patient is then invited to join the SAR in completing a set together. During exercise execution the SAR provides encouraging and therapist-selected reminders about key aspects of each exercise (Section 5.5.1). At the completion of each set, the SAR requests the patient (or carer) to tap its head to continue. The SAR asks for help when human assistance is required to setup a particular activity (Section 5.8).
The current prototype supports 13 different rehabilitation exercises, a sit-to-stand exercise (Figure 3) and 12 executable from a lying down position ( Figure 5 ). These exercises represent core lower-body exercises typically prescribed in the rehabilitation program of patients with cerebral palsy. Exercises have been programmed with the help of physiotherapists, through manual positioning of the unstiffened robot to capture key postures and the temporal sequence of transitions for each exercise (McCarthy et al., 2015) . This is supported using the vendor-supplied development environment, Choreographe (Pot, Monceaux, Gelin, & Maisonnier, 2009) . Figure 4 depicts another activity scenario in which the robot guides patients through a so-called toy-relay game. In this scenario, the robot asks the patient to fetch named toys on the other side of the room. The activity encourages patients to walk while the robot provides instructions and motivational statements.
A final supported activity scenario provides a farewell, rewarding the patient's efforts at the end of the session with a dance. Dance options include one programmed entirely by a physiotherapist on the research team.
Design Decisions
Version 1 of our Phase 2 prototype provides a baseline system enabling NAO to serve as an SAR for rehabilitation. Design requirements outlined in Section 3 have been carefully considered in the context of ensuring a reliable system for ongoing iterative development. In this section we discuss specific design choices, compromises and considerations that have been made to meet this objective.
Activity Configuration Interface
Phase 1 required program code to be explicitly written for each session to meet the needs of each individual patient. However, to fulfill both Configurability and Stand-alone requirements, all activity scenarios in the Phase 2 prototype (outlined in Section 4.2) are selectable and configurable via a textbased interface, avoiding any code modifications between sessions. This implementation allows a session to be configured by selecting and sequencing exercises in the system, together with the number of sets, repetitions and execution speed. Other parameters entered to personalise the session are the patient and the carer's name. Configuration of the SAR is currently done via a text file edited by a Technology Developer on behalf of the therapist. Development of a carers-interface is currently underway, and will soon be deployed as part of the system. Strengthening exercise for the hip extension muscles. This is easier than bridges and can be done with children who are not allowed to take weight through the legs; (f) Hip Extension Hard: Progression of Hip Extension Easy. Keeping the knee straight while extending the hip makes this exercise harder; (g) Hip Knee Flexion Sliding: Strengthening exercise for the hip flexors and can also be used to encourage increased range of movement at the hip and knee. The weight of the leg is supported by the bed; (h) Hip Knee Flexion Lifting: Strengthening exercise for the hip flexors and improving range of movement at the hip and knee; (i) Knee Extension on Side: In this exercise gravity is eliminated, meaning it is an easier exercise for strengthening the muscles that extend the knee; (j) Leg Raises: Strengthening exercise hip flexors and quadriceps; (k) Quads over Roll: Strengthening exercise for the hip extensor muscles; (l) Static Quads: This exercise is used to start practising engaging the muscles that extend the knee. It is easier than quads over roll.
Rehabilitation Exercises
All rehabilitation exercises and activities described in Section 4.2 are standard exercises in existing rehabilitation programs (Integration requirement). However, changes to the initial design of some exercises were required to accommodate Stability, Robustness and Endurance requirements. For example, the Sit-to-Stand exercise was originally designed to work with a seat, requiring prepositioning before exercise execution. However, due to an observed high risk of failure (eg., movement of the seat or incorrect positioning), the activity was redesigned in consultation with therapists to incorporate a crouching action instead.
Walking exercise demonstrations were trialled in Phase 1, but not included in the Phase 2 prototype. In line with (Malik et al., 2015) , therapists deemed the crouching gait of the NAO robot as not appropriate for demonstration to patients. Furthermore, Phase 1 highlighted issues with both the speed and stability of NAO's walk. As an alternative, the Toy Relay activity scenario was designed to motivate walking in the patient by having the robot issue instructions, and through face tracking and motivational utterances, provide patients a sense of being monitored and encouraged during the activity (Figure 4 ).
Activity Execution Order
Providing therapist's the ability to schedule the execution order of rehabilitation activities was deemed central to the Flexibility requirement but needed careful balancing with Stability and Endurance requirements of the system. For example, while some therapists expressed a desire for on-line reordering of activities during sessions, this was not incorporated into our initial Phase 2 prototype due to increased risk of failure during transitions between some exercise poses. This decision was supported by observations of care delivery in Phase 1, which revealed a general tendency for therapists to maintain the basic order of exercises, and in particular, to group exercises based on the required posture or stage of the session (e.g., lying down versus standing-up, muscle strengthening versus relaxing).
Exercise Speed
The speed of exercise execution was noted as something that needed to be changeable during sessions. Phase 1 made clear that not all patients perform exercises at the same speed, and during intensive rehabilitation, are likely to progress to more capable levels. Therapists seek to progress prescribed exercises through levels of challenge in order to adapt to this observed improvement. This may include performing some exercises faster, or slower, or holding a position for longer. Therefore, all the exercises have been programmed for three different speeds, allowing therapists the ability to select a speed during pre-configuration, and during the execution of an exercise set to support the Adaptability requirement (more details explained in subsection 5.7).
Human-Robot Interaction
Robot Gestures and Speech
Observations during early testing of the Phase 2 prototype highlighted a need for speech at frequent and intermittent points to avoid long periods of silence. The SAR is thus equipped with an extensive list of utterance choices, associated with specific activity scenarios. Therapists suggested the inclusion of motivational statements, as well as reminders of important aspects of the movement to maximise therapeutic benefit. Motivational statements such as "Keep it Going!", or "Every exercise we do gets us closer to my awesome dance moves!" are randomly selected, and interleaved with exercise-specific reminders such as "Can you lift your bottom any higher?", or, "Keep your toes pointing up!". Constant feedback is also provided during exercise execution by counting each repetition aloud.
Due to robustness and reliability considerations in the Phase 2 prototype, no patient progress monitoring has been incorporated into the SARs feedback to patients. Thus, statements are designed to be relevant to the specific exercise, but not specific to the particular patient's current actions or progress. While therapist feedback made clear a desire for patient-monitoring to inform the delivery of statements, this was not regarded as a prerequisite to clinical deployment.
Along with speech, animated gestures and actions have been incorporated into the SAR. Chidambaram et al. (2012) studied how appropriately designed vocal and non-verbal cues can increase compliance in people when instructed by a robot. Accordingly, we have incorporated built-in gestures for animated speech to enhance compliance and the overall authenticity of interactions with patients.
Speech Recognition
The challenges of speech recognition with social robots such as NAO, and for voice recognition with children more generally, are well documented in the Human-Robot Interaction literature (Kennedy et al., 2017) . Pelikan and Broth (2016) , for example, note issues associated with the required turn-taking between robot and human when delivering speech, which users often find difficult to adapt to. Challenges due to insufficient volume of voiced responses, or unexpected statements provided by human users, all pose significant challenges for SARs seeking to foster natural and authentic interactions with users.
Phase 1 confirmed all of these issues as significant challenges, but also highlighted issues more specific to the clinical context. For example, errors in speech recognition would cause NAO to provide inappropriate responses due to mis-classification of responses to questions such as "How are you going?". Negative patient responses were sometimes classified as positive (and vice versa), potentially impeding the SAR's primary role as a motivator and companion. This was exacerbated by the relatively young age of children, and in some cases, speech impediments relating to their disabilities. A lack of response to a patient's answer would also result in awkward periods of silence, often requiring a supervising adult to intervene and repeat the command.
Such challenges, however, were countered by observations that children reacted positively when the robot did respond appropriately. The incorporation of limited speech recognition was thus deemed important to realise Interaction and Responsiveness requirements. To preserve Stand-alone and Integration requirements of the system, bi-directional communication was governed by specific structural choices to constrain possible responses, and to ensure robustness to mis-classified utterances. These choices included:
• Prompting users only for simple, specific one-word verbal responses such as: "When you're ready to start, just say 'go!' ", and/or asking questions with a constrained set of possible one-word responses (eg., Yes/No).
• Providing non-verbal interaction alternatives. For example: "Sorry, I didn't hear you! You can also tap my head to continue".
• Providing speech recognition with an array of possible responses from which to base speech classification. For example: "Yes", "Yeah", "Sure", "Okay", "Yep"
• Capping the waiting period for a patient response at two seconds to ensure no undue pressure was placed on the patient to provide a response. A non-patient-response would simply be followed by a generally relevant statement before continuing execution of the scenario.
A limited number of more open interactions were also included to allow patients the opportunity to engage more freely and express feeling and emotion (eg., "How are you going ?"). Such interactions were included, in part, to allow supervising care-givers (and researchers) to gauge the patient's emotional state during the session. SAR responses to patient answers were designed to be generally relevant rather than response-specific. For example, a patient's response, either negative or positive, might be followed by the generic statement: "I am having a great time doing these exercises together with you".
Visual Cues
To support Interaction and Stand-alone requirements, NAO provides multiple LED outputs to prompt user input and convey the system state. LEDs around the three head-buttons of the NAO are used extensively to cue required button presses to confirm progression to the next activity. LEDs blink at 2 Hz, cueing the need for the head to be tapped either between exercise sets, or when changing activity scenarios. Phase 1 indicated visual cueing greatly improved the ability and confidence of people to perform the task. Full blinking of head LEDs is used to cue confirmation of progression to the next activity ( Figure 6(a) ). Other patterns of LED flashing convey the system is setting up (Figure 6(c) ), or in a paused state (Figure 6(b) ).
Additional LED cueing on either side of NAO's head conveys the expectation of a verbal inputmost commonly as an alternative to head tapping for confirming progression to the next activity. 
Tactile Interface
Use of the NAO's head-based tactile sensors provides carers and patients an alternative to speech for SAR interaction. In therapy sessions, patients can use the tactile interface when prompted to continue to the next activity, or to start another set of repetitions. To ensure simplicity for patients, this is achieved via a single tap of any of the three buttons (Figure 7(a) ).
To support online Adaptability and Configurability requirements, head taps were also used to provide carers the ability to adjust activity settings. Most prevalent in Phase 1 observations were scenarios in which patient performance required adjustment of exercise speed, or pausing of the session to accommodate unpredictable actions.
Speed adjustments are achieved using a sustained press of the NAO's middle head touch sensor, followed by a double tap of the front sensor to slow down the exercise, or to the rear sensor to speed it up (Figure 7(b) ). To pause the robot, the rear and the front button are long pressed at the same time (Figure 7(c) ). Robot adjustments are less simple than head taps to prevent re-adjustments by mistake (Robustness requirement)
Human-assisted activities
While NAO offers a high degree of autonomy, Phase 1 observations highlighted limitations in the context of its ongoing therapeutic use. Physical constraints as well as other system uncertainties limit the ability of the robot to perform certain exercises, attain certain postures, or position itself with respect to supportive auxiliary aids. Even where autonomy may be possible, motor wear-andtear, uncertainty of success and time costs associated with completing some actions autonomously motivated the use of human assistance in certain instances to meet Robustness, and Reliability requirements. The inclusion of robot capabilities requiring human assistance, while unavoidable, required careful consideration. To meet Integration and Stand-alone operation requirements, the inclusion of activity scenarios requiring carer assistance needed to be complimentary to existing carer tasks -in particular, preserving the carer's focus on the needs of the patients. In consultation with therapists, the following human-assisted capabilities have been implemented in the Phase 2 prototype:
Positioning: Activity scenarios can be done in a range of different places and different positions:
On the floor, on a table, laying down, standing up, etc. While NAO can stand-up or laydown by itself, manual re-positioning, in whereby the therapist lifts and places the robot close to the patient, is quicker, less error-prone, and reduces wear-and-tear (Figure 8(a) ).
Placing auxiliary aid: Quads over Roll and Static Quads are examples of exercises where a small rolled towel is needed (Figure 8(b) ). The robot will ask explicitly for this kind of assistance:
"For Quads over Roll we will need to roll two towels. One big for you, and a little one for me! We have to put the towel under our left knee."
Posture: Hip Abduction on Side and Hip Extension are examples of exercises where the robot needs to be rolled onto its side (Figure 8(c) ). Like with auxiliary aids, the robot asks explicitly for this kind of assistance:
"For this exercise, I will need your help! I will need you to roll me onto my right side. Can you do that for me?"
Keeping pace: Between exercises the SAR lets the patient rest. A head-tap (Figure 8(d) ) is used to indicate progression to the next activity. Head-taps are also used to confirm progress during instructional activities such as Sit-to-Stands or Toy Relay.
"Say Go! Or tap my head when you are ready to start the next set"
Our preliminary results showed that the amount of time physiotherapists had to deal with the robot did not negatively impact patient sessions (Martí Carrillo et al., 2016) . Phase 2 evaluation is closely examining time-costs and frequency of such requests with respect to the overall perceived benefits of the system. We discuss this further in Section 6.4. 
Clinical Deployment: In-Situ Evaluation
The Phase 2 prototype has been tested in 14 sessions with 9 different patients (7 female, 2 male between 3 and 16 years old), over a 5 month period. Five therapists have delivered care with the assistance of the robot over this period.
Trial setting
Clinical sessions with the robot are conducted in a consultation room at the rehabilitation clinic of the Royal Children's Hospital, Melbourne, Australia. Observing investigators reside in an adjacent observation room with one-way mirror (see Figure 9 ). All participants are informed that sessions are observed. Pre-configuration of the system is performed by a research team member. Configuration options are communicated to the research team member by the treating therapist prior to each session. The robot is placed in a crouched position on a table-top next to the bed prior to each session. The therapist is instructed to tap NAO's head when ready to commence. The session starts with the robot greeting the patient and introducing itself. NAO then commences the patient's pre-configured exercise program as described in Section 4.2.
NAO's software currently runs off a laptop with wireless connection to the robot. During each session, an attending research engineer monitors the software in the adjacent observation room, and interacts with the system only if necessary (ie., a system failure requiring a reset of the system). All operational requirements are thus handled by attending care-givers and the patient.
Participants room
Researchers room
One-way mirror Figure 9 . Study setting floor plan.
Data collection
During each session, observations on the system performance, usability, and interactions among participants and the robot are recorded. System logs for each session are also recorded, capturing exercise configuration, completed exercises (by the robot), user prompts, number of requests for help, and time required for needs to be met. Survey response data is collected using adapted versions of the robot acceptance questionnaire originally proposed by Heenrik et al. (2009) . Responses are recorded using a Likert scale, with specific versions of the questionnaire used for each of the three participant groups (patients, parents, therapists). Open questions ask for feedback on strengths and weaknesses of the system, desirable features currently not present, and impressions of trust and benefit.
As Phase 2 is ongoing, here we focus our evaluation primarily on the operational aspects of the SAR with respect to the requirements and design decision outlined in previous sections. A thorough evaluation of the SAR's perceived therapeutic benefits and patient/parent/therapist responses will be the focus of future publications at the completion of Phase 2.
System Evaluation
Our Phase 2 prototype has led 14 observed sessions of up to 30 minutes. Only 1 of 14 sessions has required engineer intervention to recover from a system failure, due to a loss of battery power (after back-to-back therapy sessions). Only one loss of stability has been observed, occurring during the final dance routine and after therapy was complete, so no engineer assistance was required. Overall, the system has performed reliably, and robustly.
Physiotherapists (N=5) were observed to exhibit competence interacting with and operating the Socially Assistive Robot (SAR). Survey responses express either Agreement or Strong Agreement that the robot is convenient and useful for paediatric rehabilitation. Four of the five therapists expressed a willingness to keep using the robot in future sessions and found the robot easy to use; the fifth was neutral, offering no specific feedback as to why. Physiotherapists reported that the system's demonstration and motivational features were most useful in sessions. Statements from therapists included: "The robot motivated and kept the patient focused during the rehabilitation", and, "The demonstration of the exercise is very helpful because the patient can visualise the correct way to perform the exercise". However, therapists also noted deficits in the system's performance, including the SAR's lack of responsiveness to patient mood and performance, and battery life (in the context of back-to-back sessions).
Parents (N=4) attending therapy sessions all strongly agreed that the robot is useful in their child's therapy, and indicated that they felt capable of using the robot themselves (without technical support) if given training and the opportunity. In open feedback, 3 out of the 4 parents specifically noted the robot helped keep their child focused on completing the exercises. These statements included: "[Daughter] seemed to respond really well and her mind was taken off with the robot"; and "The robot was useful because it had my child's attention the whole time". Two parents noted they would prefer gender-neutral colouring for NAO.
Of the 9 patients observed in the Phase 2 study, 7 completed all prescribed exercises and exhibited enjoyment in having NAO in their sessions. Two patients deemed suitable to complete the post-session survey, indicated strong agreement that the robot is nice, fun, and should keep coming to their sessions. Both these patients also Strongly Disagreed that the robot was intimidating or boring, noting also that the jokes and dances were the things they liked most. Two patients did not complete the entire session. In one case, a young 3 year old patient expressed fear of the robot due to its volume, causing an immediate halt to the session. The second case involved a teenage patient with a history of non-compliance in therapy sessions. The patient expressed a clear dislike of the robot, invoking an immediate stop to the session.
While not a focus of this study, a gauge of differences between sessions with and without the SAR's presence was obtained through the observation of three sessions without the SAR present. Most prevalent of the differences between these sessions was the level of interaction required between therapist and patient to perform each activity. In sessions with the SAR present, therapists were observed to take a significantly more passive role, with a substantial reduction in direct interactions between the physiotherapists and the patients. Therapists were observed to allow the robot to lead the session without interruption. In sessions without the SAR, therapist-patient interaction was near constant, with patients sometimes requiring assistance to both focus, and persevere to complete the exercise sets. Feedback from therapists noted a general reduction in burden when the robot is present due to less adverse patient events to handle, and less instructions required to complete sessions. A through examination of patient/parent and therapist responses to the SAR will be the focus of future analysis at the completion of Phase 2.
Design Evaluation
Configurability
The SAR software was designed to support rapid configuration for new exercise sessions. Configuration time was observed to take no more than 5 minutes, however, the current interface is text file based and thus not directly usable by therapists. While therapists were able to effectively communicate the session schedule to engineers, this was an inefficient process, and will not scale to the ongoing clinical deployment of multiple robots. To this end, a tablet-based interface for therapists and carers is under development.
Stability and Robustness versus Flexibility
The decision to fix the activity execution order during sessions was chosen to maintain Stability and Robustness requirements of the SAR by minimising posture and position changes. The low number of recorded system failures in Phase 2 testing supports this decision, with system failures to date only occurring during a dance (entertainment) scenario, and due to power loss. However, Flexibility is compromised, and the inability to dynamically change exercise execution order was raised as a deficit of the current system design by therapists. One therapist suggested the robot could ask the patient which exercise to do next, instead of following a prescribed order. Such flexibility is being considered within particular exercise subsets. For example, the system may allow therapists (or patients) to change execution order within a specific block of lower body exercises.
The SAR provides therapist's the ability to dynamically alter the robot's exercise execution speed via a simple tactile interface, however, no recorded instances of its use were observed over the 14 Phase 2 sessions. Therapists have raised no specific concerns with the tactile interface, and were observed to use this interface for other tasks such as confirming progression to the next activity. Future work will focus more specifically on understanding the usability needs of this feature.
Speech and interaction
No specific feedback about the animated speech was provided by participants, however, general observations of patient reactions suggested the animated speech enhanced the SAR's authenticity with patients. The prototype has 20 pre-programmed phrases to encourage and motivate patients common for all exercises. Five specific instructional phrases are also programmed for each exercise and selected randomly. Both developers and therapists noted a high degree of repetitiveness in the SAR's delivered statements, suggesting the range of motivational phrases should be increased. However, this repetitiveness was not observed to impact negatively on engagement or compliance with the mostly young patients. It is interesting to note that therapists often deliver similarly frequent repeated statements as a means of reinforcing positive and important feedback. However, such phrases are typically short and to the point. That the SAR is regarded as repetitive by therapists suggests it may be impeded by not just an insufficient number of unique phrases, but also by the choice of phrases being repeated, or the lack of variability in their delivery.
On occasions the SAR's speech was observed to cause confusion or mild irritation in patient responses. For example, NAO's counting of exercise repetitions was observed to occasionally confuse patients when not in-sync with their own perception of progress. Word pronunciation was also observed to be important. For example, while most patients visibly expressed satisfaction in the SAR referring to them by name, incorrect pronunciations were observed to evoke negative patient responses. One patient, for example, noted: "I would like the robot to say my name correctly". Such observations in patient reaction and performance, while highlighting clear need for improvement, do also confirm the importance of robot speech in the SAR's design. Understanding how speech can be designed to best compliment the roles of the SAR in such therapeutic contexts is an important area of future work.
Despite design decisions to optimise the robustness of NAO's built in speech recognition (see Section 5.5.2), verbal interaction with the SAR remained problematic. Notably, recent studies have highlighted specific issues with the NAO platform's speech recognition (Pelikan & Broth, 2016) , as well as natural language processing with children more generally (Kennedy et al., 2017) . Phase 2 session observations noted frequent false negative responses to simple phrases such as 'Go''. This was observed especially with patients, but also with therapists. The provision of alternative modes of interaction allowed sessions to continue regardless. Notably, participants were observed to quickly discard verbal communication (typically after the first failed attempt) in favour of tactile button pressing. Providing feedback to participants when speech was not recognised was observed to alleviate confusion and frustration, allowing participants to solve the situation themselves.
As noted, tactile button taps were observed to provide a reliable and preferred mode of interaction for both patients and therapists with the SAR. The inclusion of flashing LEDs marking the boundary of the head buttons was observed to reduce errors in precision, and confusion caused by missed taps observed in Phase 1. In particular, the continued flashing of the LEDs until a tap was registered provided sufficient guidance to participants to make another attempt if required, further supporting the SAR's Integration in the session, and Stand-alone operation.
6.4.4 Human-Assisted Activities Figure 10(a) provides a coarse-level analysis of time-costs associated with providing the SAR assistance over ten patient sessions in Phase 2. Figure 10(b) shows the corresponding number of occurrences of each activity, for each session. It can be seen that assisting the robot to keep pace (via head touch) required less time to perform, but occurred at significantly higher frequency than other human-assisted actions, scaling roughly with the number of activities to perform. While required often, Keeping Pace actions appeared to complement the general desire of patients to interact with the robot. Indeed, if close enough to the robot, and able, patients performed the action themselves. Therapist feedback indicated that allowing patients to deliver assistance to NAO also appeared to increase their activity and engagement during the session.
Positioning the Robot and Placing Auxiliary Aids occurred less frequently than Keeping Pace actions, but as expected, required more session time to perform. However, therapists expressed no concern with this time cost (less than one minute), and thus we consider the SAR's humanassistance needs to be within an acceptable limit. Notably, however, the exercise programs observed in the current study involve a relatively low number of human-assisted exercises. We note that other rehabilitation programs may include a more diverse range of exercises that may require more carer assistance.
Physiotherapists participated in the study without any prior training, apart from being told that the SAR would ask for help from time-to-time. Therapists expressed no unwillingness to provide assistance, and demonstrated competence in handling the robot when required. In post session interviews, no concerns were expressed about the impact of the assistance they were required to provide.
Design Process Evaluation
The SAR has engaged with over 40 unique patients across both phases of development. Within 23 months, we have progressed from exploration activities during informal visits to a base-level stand-alone therapeutic aid for rehabilitation, deployed in weekly clinical sessions. Phase 1 was necessarily unstructured, employing in-situ Wizard-of-Oz SAR operation with therapists, patients and parents. This is appropriate for busy clinical settings, but could be complemented by formal requirements elicitation after a period of familiarisation.
Regular frequent in-situ engagement with clinical stakeholders has been key to establishing trust and rapport. During Phase 1, therapist attitudes evolved from curious and unconvinced at the beginning, to increasingly interested and engaged in the SAR's development, and the design process. The design team now incorporates technical, physiotherapy, cerebral palsy and psychology expertise. We argue that this in-situ design process has been essential to the establishment of the SAR as a legitimate and viable therapeutic aid, which in turn has established clinical advocates for the SAR. This has been crucial to the recruitment of patients to participate in Phase 2 testing, and to the long term support of the project by the rehabilitation clinic.
The design process has provided therapists with direct access to the SAR system, allowing both hands-on experience manipulating robot limbs, but also with the software interface. While in general health professionals do not have the time (and perhaps interest) in this level of access, our experience has been that physiotherapists generally take up the opportunity, when offered, to explore the SAR's capabilities. This was observed to increase familiarity with the SAR's capabilities (and limitations), but more importantly, provided an entry point for care-givers to directly contribute to the requirements analysis and design of the SAR. Whether the level of engagement we experienced is specific to physiotherapists, or to the particular clinic is unclear. We argue, however, that providing frequent opportunities for stakeholders to engage with such novel and unfamiliar technology promotes transparency in the design process, and a sense of ownership of the deployed system. This is a crucial feature of any design process that seeks to deploy SAR's in a health care setting, where preconceptions and a lack of familiarity and trust of the technology (and the design process) risks impeding confidence and acceptance.
Certain limitations should be considered when designing in-situ: Regular on-sight visitation requires large time investment of a small, dedicated technical development team. Our approach promotes design and integration of an SAR into clinical practise but is not conducive to technical innovation by a small development team. Parallel lab-based development could be informed by, and feed into Phase 2 prototype testing. Stakeholders expectations must also be managed. While insitu development promotes design transparency, it also exposes delays and system failures directly to end-users. It is thus important to establish a common understanding of the constraints and limitations on both the system, and the development cycle.
In-situ design in a health care setting must carefully manage all the above considerations within the context of a highly demanding and busy clinical environment. Technical developers must always concede to the needs of patients and therapists, which may often mean little progress is made in an individual session. High frequency visitation can mitigate this, increasing opportunities for engagement with health care professionals, as well as their familiarity and acceptance of the technical development team.
Conclusion
We have presented our in-situ design process for the development of a socially assistive robot for paediatric rehabilitation. Our two-phase process of exploration and development, embedded in the busy rehabilitation clinic of Melbourne's Royal Children's Hospital, has adapted a general purpose off-the-shelf social robot, NAO, as a stand-alone therapeutic aid deployed and leading weekly rehabilitation sessions with patients.
We have listed a set of roles and requirements for our system, derived from an initial exploratory phase in order to develop our first prototype. We have explained the design considerations in the current iterative development phase to satisfy the roles and requirements. A deliberately conservative system has been deployed. While limited in capabilities, NAO's fast-tracked deployment as a robust minimalist system is providing crucial patient engagement experience, and insights into what is required for ongoing clinical deployment, and in particular, a formal clinical evaluation of its therapeutic benefits. We argue that this approach has lead to a system that not only meets minimum operational and therapeutic requirements for clinical deployment, but also has clearly established priorities for further development as we prepare for formal clinical trials of the SAR for paediatric rehabilitation. Such outcomes offer insights to SAR design and development for other health care applications, particularly in busy clinic/hospital settings.
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